It is shown that the pulses which develop in the NO + H 2 reaction on an alkali promoted Rh͑110͒ surface reaction can transport alkali metal. This leads to the accumulation of a substantial alkali-metal concentration in the collision area of pulse trains. Realistic simulations revealed that the effect is due to the strong energetic interactions of the alkali metal with coadsorbates, i.e., the attractive interaction with coadsorbed oxygen and the effectively repulsive interaction with coadsorbed nitrogen.
Under conditions far from thermodynamical equilibrium chemical reaction diffusion ͑RD͒ systems may exhibit spatiotemporal patterns such as simple reaction fronts, rotating spiral waves, or stationary concentration ͑Turing͒ patterns ͓1͔. These patterns arise due to the coupling of diffusion with a nonlinear reaction. If, in addition, energetic interactions between the reacting particles are present these interactions may enforce the formation of separate domains of the reactants ͑"reactive phase separation"͒ ͓2-4͔. For example, the coupling of a reaction with phase separating polymer mixtures or two-component Langmuir layers was shown to induce chemical wave patterns ͓5,6͔. On surfaces energetic interactions between adsorbed particles are practically always present as is well known from the observation of twodimensional ordered adlayers. The stationary concentration patterns seen in the O 2 +H 2 reaction on a Rh͑110͒ surface predosed with some potassium were shown to be caused by the strong chemical affinity between potassium and coadsorbed oxygen ͓4,7͔. Similarly, on a Rh͑110͒ surface alloyed with atomically thin layers of Au and Pd a phase separation into Rh͑110͒ / O and Pd/ Au was observed in the O 2 +H 2 reaction ͓8͔. Monte Carlo simulations of promoters and poisons on catalytic surfaces with attractive interactions have been conducted showing traveling islands ͓9͔.
In this Rapid Communication we report on an effect which also relies on the strong chemical interaction of an alkali promoter with other adsorbates, namely, the transport of the promoter species with pulses in an excitable surface reaction. We study the NO + H 2 reaction on a Rh͑110͒ surface covered with a submonolayer coverage of potassium ͓10͔. The unpromoted system Rh͑110͒ / NO+H 2 exhibits a variety of chemical wave patterns ranging from elliptically and rectangularly shaped target patterns to traveling wave fragments ͓11,12͔. With low to medium potassium coverages the system retains its excitability but we observe that the initially homogeneously distributed K is transported by traveling pulses across the surface. The experiments are complemented by simulations with a realistic model which incorporates as an essential element the non-Fickian diffusion of potassium.
For following the reaction dynamics we use photoemission electron microscopy ͑PEEM͒ which utilizes photons from a D 2 discharge lamp ͑5.5-6 eV͒ to image the local work function ͑WF͒ with a resolution of Ϸ1 m. A chemical identification of the adspecies was obtained by spectroscopic photoemission and low energy electron microscopy ͑SPELEEM͒, a synchrotron-based energy-filtered PEEM which allows microspot x-ray photoelectron spectroscopy ͑XPS͒ measurements ͓13͔. Potassium was deposited with a getter source ͑SAES͒ and the K coverage was determined with Auger electron spectroscopy and by identification of the K-induced reconstruction phases in low-energy electron diffraction ͑LEED͒ ͓14͔. Both gases, NO and H 2 , adsorb dissociatively on the Rh͑110͒ surface and the dissociation products recombine on the surface to form the product molecules N 2 and H 2 O which rapidly desorb.
Starting with a homogeneously K covered surface with K init = 0.06ML ͑monolayer͒ the introduction of the two gases, NO+H 2 , leads to the formation of target patterns. The PEEM images in Fig. 1͑a͒ display two pulse trains which collide about in the middle of the imaged area. The traveling white bands represent a nitrogen covered surface, whereas oxygen which strongly increases the WF appears as a dark area. One observes that a bright zone forms in the collision area of the pulses whose brightness and lateral extension increase with each subsequent pulse collision. Figure 1͑b͒ displays the local brightness in the collision area and the PEEM intensity integrated over the central area.
The formation of a very bright area has to be assigned to potassium, which is known to strongly lower the WF of the metal surface by as much as 4 eV ͓15͔. Since the integrated brightness grows with each colliding pair of pulses potassium is apparently transported by traveling pulses. The enrichment process continues only for a limited time ͑0.5-1 h͒ because the system becomes progressively disordered until finally well-defined pulse trains no longer exist. From calibration of the PEEM brightness with a known amount of * Corresponding author; imbihl@pci.uni-hannover.de deposited K we can roughly estimate that the local K coverage in the central area reaches about 0.12 ML ͓14,16͔. Under our experimental conditions K does not desorb so that K is just redistributed by the pulses keeping the total amount constant.
For the mathematical description we have as a starting point two well-established realistic models which were shown to successfully reproduce ͑i͒ chemical wave patterns in the system Rh͑110͒ / NO+H 2 and ͑ii͒ the stationary patterns in the K promoted system Rh͑110͒ / K / O 2 +H 2 ͓5,11͔. Combining these two models into one and adding siteblocking of K diffusion by coadsorbed nitrogen leads to the following set of coupled partial differential equations ͑PDEs͒:
The reaction-diffusion ͑RD͒ system ͑I͒-͑III͒, without potassium analyzed in Ref. ͓12͔, describes the dissociative chemisorption of hydrogen ͑k 1 ͒ and NO ͑k 2 ͒, the desorption of hydrogen ͑k 3 ͒ and nitrogen ͑k 4 ͒, the formation of water where the addition of the first proton has been assumed to be rate-limiting ͑k 5 ͒, and the diffusion of the three adsorbates. Coadsorbed potassium was shown to drastically reduce the reactivity of chemisorbed oxygen toward hydrogen-an effect encoded via an exponential decrease of the hydrogen sticking coefficient with K coverage ͑k 1 term͓͒17͔ . In Eq. ͑4͒ representing the transport of potassium the first term stands for Fickian diffusion while the second term-the so-called drift term-describes the transport of potassium in the gradient of the chemical potential given in this case by the oxygen coverage. E b is the gain in adsorption energy as K migrates from the clean surface to the oxygen covered surface ͓8,17͔. The much smaller mobility of the K atom on the O-covered surface which results from a stronger energetic corrugation is encoded in a linear increase of the activation energy for K diffusion with the oxygen coverage. Assuming pairwise interactions an influence of oxygen on FIG. 1. ͑Color online͒ PEEM experiment demonstrating the enrichment of K in the collision area of two pulse trains. ͑a͒ PEEM images showing two pulse trains coming from two target patterns centered left and right outside the imaged area. Indicated are the areas in which the intensity has been integrated ͓see ͑b͔͒. ͑b͒ Increase of local brightness ͑window II͒ and of the brightness integrated over the whole collision area ͑window II͒ during the experiment shown in ͑a͒. Experimental conditions: T = 510 K, p͑NO͒ = 1.5ϫ 10 −6 mbar, p͑H 2 ͒ = 1.2ϫ 10 −5 mbar, K init = 0.06. Time t =0 s given by first collision of pulses. potassium diffusion automatically implies that coadsorbed potassium also influences oxygen diffusion. A corresponding symmetrical term to the second diffusion term in Eq. ͑4͒ should therefore appear in Eq. ͑3͒ accounting for the effect of coadsorbed potassium on oxygen diffusion. We have carried out simulations with this additional term but the effect turned out to be very small so that this term can be dropped. The reason for the small effect is that oxygen diffusion at 500-600 K is still very slow. The K-O interaction energy modifies the large energy barrier for oxygen diffusion only slightly, quite in contrast to the very mobile potassium where the same K-O interaction energy has a drastic effect.
Scanning photoelectron microscopy showed that the traveling N-pulses are essentially free of K which prefers to be coadsorbed with oxygen ͓10͔. The energetic driving force for this phase separation is that nitrogen induces a different type of reconstruction than the missing row type which is favorable for adsorbed K ͓18͔. We therefore introduce a siteblocking for diffusing K by N ad the strength of which is controlled by the parameter . Nearly all constants could be taken from experiment and only had to be treated as a fit parameter. The system of equations ͑1͒-͑4͒ was numerically integrated over a one-dimensional domain of length L applying periodic boundary conditions ͑PBCs͒.
With the above system we can reproduce the mass transport of potassium by traveling pulses, or rather pulselike solutions ͑see below͒ and the enrichment in the collision area as demonstrated in the simulation results in Figs. 2 and 3 . The basic excitation cycle of the unpromoted system is still intact: Reactive removal of the oxygen adlayer by hydrogen leads to a nitrogen covered surface, but as oxygen from dissociatively adsorbing NO displaces the less strongly bonded nitrogen, the initial state of an oxygen covered surface is established again. Since nitrogen acts as a diffusion barrier K is essentially pushed by the nitrogen pulse so that a significant K concentration builds up in front of the pulse. If one neglects site-blocking by nitrogen no K is transported by traveling pulses. This picture is confirmed by micro-XPS measurements as demonstrated by the concentration profile of a propagating pulse in Fig. 3͑b͒ . Each pulse carries only a small amount of potassium and K in front of a pulse increases only by about 2% of a ML. The simulation yields about the same amount of transported K with each pulse. In the experiment ͑Fig. 1͒ as well as in the simulation ͑Fig. 2͒ we see that the collision of a number of pulses is required to build up a substantial K coverage in the collision area. Fast redistribution of the enriched K is prohibited by coadsorbed oxygen which practically immobilizes the potassium.
Under the conditions of Fig. 2 , the system shows the interesting property that a steep gradient in the K coverage can trigger the formation of new pulses. This is exploited in the simulation to let the boundary region periodically emit new pulses after having initiated the very first pulse by putting a hole into the oxygen adlayer. The objects we have so far described as pulses are not perfect homoclinic orbits in domains of finite length, especially when, under K transport conditions, the K levels differ ahead and behind these traveling concentration wave structures; with a slight abuse of nomenclature we will still designate them as pulses. It is therefore crucial that for a given set of p͑NO͒, p͑NO͒, p͑H 2 ͒, and T reaction conditions the system possesses an entire oneparameter family of pulses, parametrized by the average K coverage. This way the pulses can travel on different K backgrounds, and in particular can travel up a moderate K gradient towards the middle of the domain, which results from earlier collisions of pulses. More insight into the family of pulses was obtained from a traveling wave stability analysis of the PDE system ͑1͒-͑4͒ ͓19͔. Introducing a comoving frame y = x − ct with c being the pulse velocity, one obtains families of pulses, each characterized by a different average K coverage ͑and also a different speed͒. Linearization around the pulses then automatically yields a double zero eigenvalue with one eigenvector being associated with the translational invariance and the other one indicating how the shape of the pulse changes with varying average K coverage.
Continuation with respect to operating parameters ͑e.g., the temperature, the NO partial pressure͒ reveals that such stable pulse trains ͑in finite length domains and with periodic boundary conditions͒ can lose stability, "splitting" into two different fronts connecting the stable rest state with an unstable fixed point ͑approaching a double heteroclinic connection͒; this is a global bifurcation associated with their continuous spectrum. Choosing operating parameters in this unstable pulse train regime, as in Fig. 2 , leads in simulations to repeated "firing" from the boundary; over large times this results in substantial K accumulation at the center of the domain.
In summary, for an excitable system we have shown in experiment as well as through modeling that an additional nonreacting species with strong energetic interactions with the reactants can be transported by traveling pulses. The effect could be explained in terms of a detailed microscopic picture. One should expect that this effect will be found in a number of surface reactions, as well as in other systems with similar energetic interactions. The resulting enrichment of a species introduces a memory effect into a system and thus might serve as a building block for more complex dynamics.
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